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ABSTRACT 
T h r e e  p r o t o t y p e  50 ampere-hour (AH) n i c k e  1-hydrogen c e l l s  o f  t h e  A i r  
F o r c e  W r i g h t  A e r o n a u t i c a l  L a b o r a t o r i e s  (AFWAL) d e s i g n  have  been  c y c l e d  
t o  f a i l u r e  by t h e  McDonnell Douglas  A s t r o n a u t i c s  Company-St. L o u i s  D i v i s i o n  
(MDAC-STL). A summary o f  t h e  l i f e  c y c l i n g  t e s t s  and f a i l u r e  a n a l y s e s  o f  the> 
c e l l s  a r e  p r e s e n t e d  i n  t h i s  p a p e r .  The c e l l s  were  c y c l e d  i n  a  s i m u i a t e d  low 
e a r t h  o r b i t  r eg ime  a t  d e p t h s  o f  d i s c h a r g e  r a n g i n g  from 2 5  t o  8 0  p e r c e n t .  
Trend  d a t a ,  such  a s  end o f  d i s c h a r g e  v o l t a g e  and c e l l  c a p a c i t y ,  was r e c o r d e d  
d u r i n g  t e s t .  C e l l s  1 ,  2 ,  and 3 c o m p l e t e d  1 7 1 6 7 ,  2473 ,  and 10080 c h a r g e l  
d i s c h a r g e  c y c l e s ,  r e s p e c t i v e l y ,  p r i o r  t o  f a i l u r e .  A l l  f a i l e d  due  t o  i n t e r n a l  
s h o r t s ,  and were d i s a s s e m b l e d  t o  d e t e r m i n e  c a u s e  o f  f a i l u r e .  
INTRODUCTION 
T h r e e  NiH2 c e l l s  r a t e d  a t  50 AH w e r e  p r o v i d e d  t o  MDAC-STL by AFWAL 
f o r  a  t e s t  program c o n s i s t i n g  o f  p a r a m e t r i c  t e s t s  f o l l o w e d  by l i f e  c y c l i n g  
i n  a  s i m u l a t e d  Low-earth o r b i t  r e g i m e .  Two o f  t h e  c e l l s  had a  z i r c o n i u m -  
o x i d e ,  s i n g l e - l a y e r  s q u a r e  weave s e p a r a t o r  ( C e l l  1/SN 104 and  C e l l  2 /SN133) ,  
and t h e  t h i r d  had a s b e s t o s  s e p a r a t o r s  ( C e l l  3 /SN148) .  A l l  c e l l s  were  m a n u f a c t u r e d  
i n  1978 by Hughes A i r c r a f t  Company and c o n t a i n e d  Yardney p o s i t i v e  e l e c t r o d e s  
made w i t h  a  s l u r r y  p r o c e s s  s i n t e r  and e l e c t r o c h e m i c a l l y  impregna ted .  F i g u r e  1  
shows t h e  c e l l  g e n e r a l  a r r a n g e m e n t .  MDAC-STL began  t h e  t e s t  program i n  
November, 1 9 7 9 ,  c o n c l u d i n g  w i t h  f a i l u r e  o f  t h e  l a s t  s u r v i v i n g  c e l l  i n  A u g u s t ,  
1 9 8 3 .  T e s t  p r o g r e s s  and i n t e r i m  r e s u l t s  h a v e  b e e n  p r e s e n t e d  i n  e a r l i e r  
Goddard S p a c e  F l i g h t  C e n t e r  B a t t e r y  Workshops b e g i n n i n g  i n  1980 .  A summary 
o f  t h e  l i f e  c y c l i n g  t e s t s  and c e l l  f a i l u r e  a n a l y s e s  a r e  d i s c u s s e d  i n  t h i s  p a p e r .  
D u r i n g  t e s t ,  t h e  c e l l s  were  mounted h o r i z o n t a l l y  i n  a  f i x t u r e  which 
g r i p p e d  t h e  c e l l  a b o u t  t h e  c y l i n d r i c a l  s e c t i o n  and p e r m i t t e d  h e a t  t o  f l o w  from 
t h e  c e l l  t o  t h e  aluminum c lamp and t h e n  t o  a  s u p p o r t i n g  aluminum p l a t e .  
F i g u r e  2 shows t h e  t h r e e  c e l l s  i n  t h e  t e s t  f i x t u r e .  The one- inch  aluminum 
b a s e p l a t e  was c o o l e d  by a  c i r c u l a t i n g  l i q u i d  c o o l a n t  b a t h  t o  p r o v i d e  t e m p e r a t u r e  
c o n t r o l  o f  t h e  c e l l s .  To a s s u r e  t h a t  a l l  h e a t  was removed from t h e  c e l l s  by 
c o n d u c t i o n  t h r o u g h  t h e  m o u n t i n g  c lamp t o  t h e  t e m p e r a t u r e  c o n t r o l l e d  b a s e p l a t e ,  
i n s u l a t i o n  was a p p l i e d  c o m p l e t e l y  a r o u n d  t h e  c e l l s .  T e m p e r a t u r e  measured  
a t  a  p o i n t  on  t h e  s i d e  o f  t h e  m i d d l e  c e l l  n e a r  t h e  s u p p o r t  f i x t u r e  was used  
a s  t h e  c o n t r o l  p o i n t  f o r  t e m p e r a t u r e  c o n t r o l .  
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LIFE CYCLING TESTS 
O b j e c t i v e s  o f  t h e  c y c l i c  t e s t s  were t o  o b t a i n  l i f e  d a t a  i n  a  low-earth 
o r b i t  regime and t o  i d e n t i f y  and e v a l u a t e  c e l l  performance d e g r a d a t i o n .  The 
c e l l s  were c y c l e d  by d i s c h a r g i n g  i n t o  a  f i x e d  r e s i s t o r  such  t h a t  t h e  d e s i r e d  
depth-of -d ischarge  (DOD) was ach ieved  i n  a  35-minute d i s c h a r g e  p e r i o d ,  fo l lowed 
by c h a r g i n g  a t  app rox ima te ly  50 amperes t o  a  v o l t a g e  l i m i t ,  which was t h e n  
he ld  c o n s t a n t  wh i l e  t h e  c u r r e n t  t a p e r e d  f o r  t h e  ba l ance  o f  t h e  55-minute cha rge  
i n t e r v a l .  Cycl ing  was c o n t r o l l e d  a u t o m a t i c a l l y  t o  permi t  una t t ended  o p e r a t i o n .  
I n  o r d e r  t o  p reven t  c e l l  damage due t o  equipment m a l f u n c t i o n ,  a l a rms  were pro- 
v ided  t o  s h u t  down t h e  t e s t  ( o p e n - c i r c u i t  t h e  c e l l )  f o r  ove r /unde r  v o l t a g e ,  
e x c e s s i v e  d i s c h a r g e  c u r r e n t ,  o v e r t e m p e r a t u r e ,  o v e r p r e s s u r e ,  and l o s s  o f  f a c i l -  
i t y  power. A t  app rox ima te ly  500 c y c l e  i n t e r v a l s ,  c e l l  c a p a c i t y  was de termined  
by d i s c h a r g i n g  a t  25 amperes t o  a  1 . 0  v o l t  c u t o f f .  Capac i ty  checks  were accom- 
p l i s h e d  immediately a f t e r  a  normal c y c l i c  cha rge  i n t e r v a l .  Data was recorded  a t  
one-minute i n t e r v a l s  d u r i n g  t h e  c a p a c i t y  d i s c h a r g e  and f o r  one c y c l e  a t  r ough ly  
200 c y c l e  i n t e r v a l s .  For  i n t e r v e n i n g  c y c l e s ,  d a t a  was r eco rded  a t  1 G t o  20- 
minute i n t e r v a l s  a s  an  a i d  t o  r e c o n s t r u c t  anoma l i e s ,  should  t hey  o c c u r .  
C e l l  1 was c y c l e d  independen t ly  and C e l l s  2  and 3  were c y c l e d  i n  s e r i e s .  
The c o n t r o l  p o i n t  t empera tu re  was s e t  t o  8OC f o r  t h e  f i r s t  2000 c y c l e s ,  and t o  
2 3 O ~  subsequen t ly .  F i g u r e  3  shows ene rgy  removed on d i s c h a r g e  a s  a  f u n c t i o n  
o f  c y c l e s  completed f o r  t h e s e  c e l l s .  The d e s i r e d  d e p t h  o f  d i s c h a r g e  (DOD) f o r  
C e l l s  2  and 3 was 80 p e r c e n t  o f  r a t e d  c a p a c i t y .  However, t h i s  r e s u l t e d  i n  low 
end o f  d i s c h a r g e  (EOD) v o l t a g e  and DOD was reduced t o  70 p e r c e n t  a f t e r  585 
c y c l e s .  F u r t h e r  r e d u c t i o n  occu r r ed  s u b s e q u e n t l y ,  a g a i n  i n  r e sponse  t o  low EOD 
v o l t a g e .  Gel1 1 DOD was reduced t o  25 p e r c e n t  e a r l y  i n  t h e  t e s t  f o r  500 c y c l e s  
t o  o b t a i n  d a t a  t o  s u p p o r t  a n o t h e r  s t u d y  then  i n  p r o g r e s s .  I t  was t hen  r e t u r n e d  
t o  50 p e r c e n t  DOD t o  c y c l e  15706 a t  which t ime i t  was reduced due t o  low EOD 
v o l t a g e .  
Cycl ing  t e s t  t r e n d  d a t a  i s  shown i n  F i g u r e s  4  and 5 .  C e l l  2  had r e c u r r i n g  
problems w i t h  low EOD v o l t a g e .  A t  c y c l e  2473, c y c l i n g  was s topped  t o  per form 
a  c a p a c i t y  check.  Fol lowing  t h e  c a p a c i t y  check ,  C e l l  2  f a i l e d  t o  r e c h a r g e .  
Three days  l a t e r ,  a  5-ampere cha rge  was a g a i n  a t t e m p t e d ,  bu t  C e l l  2  f a i l e d  t o  
respond.  Appa ren t ly  a n  i n t e r n a l  s h o r t  had developed and t h e  c e l l  was removed 
from t e s t .  C e l l s  1 and 3  con t inued  t o  c y c l e  w i t h  r e l a t i v e l y  few problems.  De- 
g r a d a t i o n  of  EOD v o l t a g e  and r e d u c t i o n  o f  measured c a p a c i t y  was obse rved ,  a s  
no ted  i n  F i g u r e s  4  and 5 .  C e l l  3  f a i l e d  a b r u p t l y  a f t e r  comple t ing  10,080 
c h a r g e l d i s c h a r g e  c y c l e s .  E v i d e n t l y ,  a  mass ive  s h o r t  had developed ,  a s  ev idenced  
by a  h i g h  c e l l  t empera tu re .  A t  t h i s  p o i n t ,  t h e  c e l l  was d i s c o n n e c t e d  e l e c t r i -  
c a l l y ,  b u t  p h y s i c a l l y  l e f t  i n  t h e  t e s t  f i x t u r e .  
C e l l  1 l o s t  a  s i g n i f i c a n t  p o r t i o n  o f  i t s  hydrogen gas  when a  l e a k  developed  
i n  a  p r e s s u r e  f i t t i n g ,  which a t t a c h e d  a  p r e s s u r e  t r a n s d u c e r  t o  t h e  c e l l  a t  
Cycle 6229. The l o s s  o f  hydrogen caused  shutdown o f  C e l l  1  c y c l i n g  due t o  an  
unde rvo l t age  a l a rm d u r i n g  d i s c h a r g e .  During i n v e s t i g a t i o n  o f  t h e  f a i l u r e ,  t h e  
c e l l  was s h o r t e d  f o r  s e v e r a l  weeks. The l e a k  i n  t h e  e x t e r n a l  plumbing was cor -  
r e c t e d  and t h e  c e l l  was b a c k f i l l e d  ,w i th  50 p s i  o f  hydrogen severa l  times t o  r e -  
p l e n i s h  t h e  c e l l .  When t h e  c e l l  was r e c h a r g e d ,  i t  showedgood v o l t a g e  r ecove ry  
and was r e t u r n e d  t o  c y c l i n g .  A s  shown i n  F igu re  4 ,  t h e  r e c o n d i t i o n i n g  e f f e c t  
on EOD v o i t a g e  was soon d imin i shed  and remained r e l a t i v e l y  s t a b l e  f o r  s e v e r a l  
thousand c y c l e s  a f t e r  t h e  anomaly o c c u r r e d .  
A t  Cycle  11891, C e l l  1 was i n a d v e r t e n t l y  overcharged  f o r  20 h o u r s ,  w i th  
a  t o t a l  i n p u t  ene rgy  o f  118.4 ampere-hours due t o  an  equipment m a l f u n c t i o n .  
There was no a p p a r e n t  c e l l  damage; t h e r e f o r e ,  t h e  c e l l  was r e t u r n e d  t o  
c y c l i n g  a f t e r  equipment r e p a i r .  The e f f e c t  o f  t h i s  long  ove rcha rge  can  be 
s een  i n  t h e  i n c r e a s e  i n  measured c a p a c i t y  a f t e r  Cycle 12015. Measured capa-  
c i t y  was 59 ampere-hours a t  t h i s  p o i n t .  
C e l l  EOD v o l t a g e  was deg rad ing  on C e l l  1 a t  app rox ima te ly  15,000 c y c l e s .  
The cha rge  l i m i t  v o l t a g e  was i n c r e a s e d  s l i g h t l y ,  b u t  t h e  v o l t a g e  con t inued  
t o  degrade  and a n  unde rvo l t age  a l a rm caused s h u t  down a t  Cycle 15690. A t  
t h i s  t ime ,  t h e  c e l l  was r echa rged  and a  c a p a c i t y  check was performed.  Measured 
c a p a c i t y  was on ly  23.9 ampere-hours, s o  t h e  d i s c h a r g e  energy  was reduced 
from 25 t o  15 ampere-hours. The e f f e c t  on EOD v o l t a g e  i s  r e f l e c t e d  i n  F i g u r e  
4 .  A s  shown i n  F igu re  5 ,  measured c a p a c i t y  improved c o n s i d e r a b l y  a f t e r  t h e  
low r e a d i n g  of  23 .9  ampere-hours. Reasons f o r  t h e  b e h a v i o r  a r e  no t  known. 
Cycl ing  con t inued  smoothly u n t i l  f a i l u r e  occu r r ed  a t  Cycle 17168. F a i l u r e  
occu r r ed  abou t  20 minu te s  i n t o  t h e  d i s c h a r g e  o f  Cycle  17168 and was accom- 
panied by a  h i g h - c e l l  t empera tu re  p u l s e .  
FAILURE ANALYSES 
Each o f  t h e  c e l l s  was d i s s e c t e d  t o  de t e rmine  t h e  cause  of  f a i l u r e .  A d r y  
n i t r o g e n  purge was used p r i o r  t o  d i s a s sembly  t o  e l i m i n a t e  any r e s i d u a l  hydrogen.  
Then t h e  c e l l  was c u t  open w i t h  a  l a t h e  j u s t  below t h e  weld toward t h e  n e g a t i v e  
t e r m i n a l  ( s e e  F i g u r e  1 ) .  The n e g a t i v e  end o f  t h e  p r e s s u r e  v e s s e l  was t hen  r e -  
moved, expos ing  t h e  e l e c t r o d e  s t a c k  assembly.  F i g u r e  6  i s  a  s k e t c h  o f  t h e  
e l e c t r o d e  s t a c k  assembly.  For  purposes  o f  i d e n t i f i c a t i o n ,  t h e  e l e c t r o d e s  a r e  
numbered c o n s e c u t i v e l y  from t h e  p o s i t i v e  end o f  t h e  c e l l  (weld r i n g  e n d ) .  
Elements o f  t h e  e l e c t r o d e  s t a c k  assembly were removed i n d i y ~ i d u a l l y ,  and p h o t o s ,  
o b s e r v a t i o n s ,  e t c .  were accomplished a s  t h e  d i s a s sembly  progressed .  
CELL 2  
C e l l  2  (SN 133) f a i l e d  a f t e r  2473 c h a r g e l d i s c h a r g e  c y c l e s .  T h i s  c e l l  had 
a  Z i r c a r  s e p a r a t o r .  C e l l s  2 and 3  were connected  i n  s e r i e s  d u r i n g  c y c l i n g ,  
and were d i s c h a r g e d  i n  s e r i e s  d u r i n g  a  c a p a c i t y  check  a f t e r  2473 c y c l e s .  C e l l s  
2  and 3  d e l i v e r e d  27 .3  and 46 .9  ampere-hours t o  a  one-vol t  c u t o f f ,  r e s p e c t i v e -  
l y .  The d i s c h a r g e  c h a r a c t e r i s t i c  f o r  Cell.  2  showed a  second v o l t a g e  p l a t e a u  
a t  app rox ima te ly  0 .85  v o l t s ,  and t h e  c o n t i n u i n g  d i s c h a r g e  of C e l l  3  drove  C e l l  
2  i n t o  r e v e r s a l  a t  -0.06 v o l t s .  I t  remained r e v e r s e d  f o r  14 minu te s  u n t i l  C e l l  
3 reached  one v o l t .  A f t e r  t h e  d i s c h a r g e ,  C e l l  2  remained a t  an o p e n - c i r c u i t  
v o l t a g e  o f  0 .004  v o l t s  f o r  t h r e e  days  b e f o r e  a  five-ampere r e c h a r g e  was at temp- 
t e d  and t h e  v o l t a g e  f a i l e d  t o  r e c o v e r .  
A f t e r  C e l l  2  was c u t  open and t h e  p o l y s u l f o n e  nu t  was removed t o  f r e e  t h e  
s t a c k ,  a  v o l t a g e  measurement o f  0 . 9 0 8  v o l t s  was observed  i n d i c a t i n g  t h a t  t h e  
s h o r t  was removed a s  e l e c t r o d e  s t a c k  compress ion  was r e l i e v e d .  Disassembly 
o f  t h e  e l e c t r o d e  s t a c k  r e v e a l e d  no obvious  ev idence  o f  a  mechanica l  s h o r t .  
Three anamolous a r e a s  were found where a c t i v e  m a t e r i a l  had b r idged  through 
bu rnho le s  from a  p o s i t i v e  e l e c t r o d e  t o  a n  a d j a c e n t  n e g a t i v e .  I f  t h i s  m a t e r i a l  
was c o n d u c t i v e ,  i t  cou ld  haveprovided  a  s h o r t i n g  pa th  when t h e  s t a c k  was 
t i g h t l y  compressed. T e s t s  by Hughes A i r c r a f t  Company have shown t h a t  such  
a  b r i d g e  w i l l  remain nonconductive f o r  a t  l e a s t  1500 c y c l e s .  I f  t h e s e  ano- 
m a l i e s  were formed e a r l y  enough f o r  s u f f i c i e n t  p o s i t i v e  m a t e r i a l  t o  be r e -  
duced t o  conduc t ive  n i c k e l ,  i t  would account  f o r  t h e  c o n d i t i o n .  Th i s  seems 
t h e  most l i k e l y  f a i l u r e  mechanism. Numerous gas  s c r e e n s  and n e g a t i v e  e l e c -  
t r o d e s  had t i n y  bu rn  h o l e s  randomly spaced due t o  r a p i d  oxygen recombina t ion  
(popp ing ) .  The damage was most n o t i c e a b l e  on t h e  gas  s c r e e n s  and t h e  t e f l o n  
s u r f a c e  o f  t h e  n e g a t i v e .  However, t h i s  phenomenon was no t  a  c o n t r i b u t i n g  
f a c t o r  t o  t h e  observed  f a i l u r e .  
CELL 3 
C e l l  3 (SN 148) completed 10 ,080 c h a r g e l d i s c h a r g e  c y c l e s  p r i o r  t o  f a i l u r e .  
C e l l  f a i l u r e  a n a l y s i s  was d i s c u s s e d  i n  d e t a i l  a t  t h e  1983 B a t t e r y  Workshop. 
Therefore,  t h i s  d i s c u s s i o n  w i l l  be somewhat a b b r e v i a t e d .  A t  app rox ima te ly  f i v e  
minu te s  i n t o  t h e  cha rge  p e r i o d  o f  c y c l e  10 ,080 ,  a  c e l l  ove r t empera tu re  was 
sensed  and ,  on  t h e  nex t  d a t a  s can  a  few seconds  l a t e r ,  t h e  v o l t a g e  was l e s s  
t han  0 . 5  v o l t s .  The au toma t i c  c i r c u i t r y  o p e n - c i r c u i t e d  t h e  c e l l .  When t h e  
nex t  d a t a  s e t  was r eco rded  18  minu te s  l a t e r ,  t h e  h i g h e s t  t empera tu re  was 89.6OC, 
measured a t  t h e  t o p  o f  t h e  c y l i n d r i c a l  s e c t i o n  f u r t h e s t  removed f r ~ m  t h e  cool -  
a n t  b a t h .  I n t e r m e d i a t e  d a t a  p o i n t s  were no t  r e c o r d e d ,  and t h e  peak t empera tu re  
e x c u r s i o n  i s  n o t  known. The c e l l  was d i s c o n n e c t e d  e l e c t r i c a l l y  a f t e r  f a i l u r e ,  
b u t  p h y s i c a l l y  l e f t  i n  t h e  t e s t  f i x t u r e  f o r  app rox ima te ly  11 months b e f o r e  t h e  
f a i l u r e  a n a l y s i s  was done.  
Something l o o s e  cou ld  be hea rd  r a t t l i n g  w i t h i n  t h e  p r e s s u r e  v e s s e l  p r i o r  t o  
d i s s e c t i o n .  A f t e r  t h e  n e g a t i v e  end o f  t h e  p r e s s u r e  v e s s e l  was removed, t h e  
ceramic  i n s u l a t i n g  washer  a t  t h e  n e g a t i v e  t e r m i n a l  was found broken i n t o  fou r  
p i e c e s ,  which accounted  f o r  t h e  r a t t l i n g  n o i s e .  The shou lde r  a t  t h e  end o f  
t h e  po lysu l fone  c o r e  had f r a c t u r e d  comple t e ly  around t h e  i n t e r s e c t i o n  w i t h  t h e  
c e n t r a l  p a r t  o f  t h e  c o r e .  T h i s  a l lowed t h e  e l e c t r o d e  s t a c k  t o  r e l i e v e ,  l e a v i n g  
t h e  f i r s t  n e g a t i v e  rough ly  f l u s h  w i t h  t h e  broken end o f  t h e  p o l y s u l f o n e  co re .  
The s h o u l d e r , b e l l e v i l l e  washer ,  and honeycomb end p l a t e  were l o o s e  on t h e  nega- 
t i v e  l e a d s .  The r e s e r v o i r  had me l t ed  completed a c r 6 s s  t h e  a n n u l a r  s e c t i o n  i n  
t h e  a r e a  o f  t h e  n e g a t i v e  t a b  and t h e  e l e c t r o d e  s t a c k  was i n d e n t e d .  Fo rces  
a p p l i e d  t o  t h e  p l a t e s  by t h e  n e g a t i v e  t a b s  when t h e  s t a c k  r e l i e v e d  may have 
caused t h i s  i n d e n t a t i o n .  
The e l e c t r o d e  s t a c k  assembly was d i sa s sembled ,  e lement  by e l emen t .  S h o r t i n g  
of  a d j a c e n t  p o s i t i v e  and n e g a t i v e  p l a t e s  was found a t  t h e  i n n e r  p e r i m e t e r  o f  t h e  
p l a t e s  i n  t h e  a r e a  o f  t h e  n e g a t i v e  t a b .  I n  many c a s e s ,  a c t i v e  m a t e r i a l  from 
t h e  p o s i t i v e  p l a t e  was imbedded i n  t h e  a d j a c e n t  n e g a t i v e .  Gas s c r e e n s  and 
r e s e r v o i r s  between n e g a t i v e  and p o s i t i v e  p l a t e s  had  me l t ed  and shrunk and were 
fused t o  t h e  t e f l o n - c o a t e d  s i d e  o f  t h e  n e g a t i v e  e l e c t r o d e s .  Damage was ob- 
s e rved  t o  ex t end  from t h e  n e g a t i v e  end o f  t h e  e l e c t r o d e  s t a c k  t o  p l a t e  s e t  2 7 ,  
w i th  t h e  most e x t e n s i v e  damage seen  i n  p l a t e  s e t s  34 t o  3 7 .  The h e a t  p u l s e  
g e n e r a t e d  when t h e  s h o r t i n g  o c c u r r e d  appeared  t o  d i s c o l o r  and s w e l l  t h e  poly- 
s u l f o n e  c o r e ,  such t h a t  a  r i b b e d  appea rance  was c r e a t e d  and a  b l a c k  d e p o s i t  
was l e f t  where t h e  p o s i t i v e  p l a t e s  r e s t r i c t e d  t h i s  s w e l l i n g .  The d imens ion  
from t h e  end o f  t h e  c o r e  t o  t h e  f i r s t  i n d e n t a t i o n  caused  by a  p o s i t i v e  p l a t e  
was l e s s  t h a n  t h e  combined t h i c k n e s s  o f  t h e  end p l a t e  and b e l l e v i l l e  washer ,  
which i m p l i e s  t h a t  t h e  end o f  t h e  c o r e  f r a c t u r e d  p r i o r  t o  t h e  occu r r ence  o f  t h e  
s h o r t .  P o s i t i v e  p l a t e  t h i c k n e s s e s  were measured d u r i n g  d i sa s sembly  and,  assuming 
each  was f a b r i c a t e d  a t  t h e  maximum dimens ion ,  e l e c t r o d e  s t a c k  h e i g h t  i n c r e a s e d  
0.395 inches  du r ing  c y c l i n g .  
We have concluded t h a t  p o s i t i v e  p l a t e  growth d u r i n g  c y c l i n g  was t h e  
primary r e a s o n  f o r  c e l l  f a i l u r e .  A c h r o n o l o g i c a l  h i s t o r y  o f  t h e  f a i l u r e  c a n  
be p o s t u l a t e d  a s  fo l l ows :  
P o s i t i v e  p l a t e  growth d u r i n g  c y c l i n g  c a u s e s  f r a c t u r e  o f  t h e  shou lde r  
from t h e  po lysu l fone  c o r e .  
0 Forces  a p p l i e d  t o  t h e  e l e c t r o d e s  when t h e  s t a c k  expands c r e a t e s  
p r e s s u r e  p o i n t s  between a d j a c e n t  p a i r s  o f  e l e c t r o d e s ,  most pronounced 
a t  t h e  t a b  a t t a c h m e n t s .  
A s h o r t  o c c u r s  a t  a  p r e s s u r e  p o i n t  a f t e r  some pe r iod  o f  t ime.  
. The h e a t  p u l s e  and mechanica l  f o r c e s  g e n e r a t e d  by t h e  s h o r t  cause  t h e  
f a i l u r e  t o  p ropaga te  t o  a d j a c e n t  p l a t e  s e t s .  
CELL 1  
C e l l  1 (SN 104) completed 17 ,167  c h a r g e l d i s c h a r g e  c y c l e s  p r i o r  t o  f a i l u r e .  
F a i l u r e  occu r r ed  on 23 August 1983,  a t  about  20 minu te s  i n t o  d i s c h a r g e  o f  c y c l e  
17,168.  Cyc l ing  was t e rmina t ed  by an  unde rvo l t age  a l a rm which o p e n - c i r c u i t e d  
t h e  c e l l ,  b u t  i t  con t inued  t o  s e l f - d i s c h a r g e  and h e a t  up. The bot tom o f  t h e  
c e l l  reached  183OC seven  minu te s  a f t e r  shutdown, i n d i c a t i n g  a  s h o r t  c i r c u i t .  
A t  t h i r t y  minu te s  a f t e r  f a i l u r e ,  c e l l  t empera tu re  was 1 1 5 O ~ .  During an  au to -  
ma t i c  shutdown, a c t i v e  c o o l i n g  i s  t e rmina t ed .  An hour  a f t e r  shutdown, t h e  
v o l t a g e  had dropped t o  z e r o  and t h e  p r e s s u r e  f e l l  t o  app rox ima te ly  100 p s i .  
A f ive-ampere,  f ive-minute  r e c h a r g e  was a t t empted  w i t h o u t  s u c c e s s .  The c e l l  
was l e f t  i n  t h e  t e s t  f i x t u r e  u n t i l  t h e  f a i l u r e  a n a l y s i s  was begun on  
17  October  1983. 
On t h e  b a s i s  o f  o u r  f a i l u r e  a n a l y s i s  of  C e l l  3 ,  we dec ided  t o  X-ray C e l l  1  
p r i o r  t o  d i s a s sembly  t o  de t e rmine  whether  a  s i m i l a r  c o n d i t i o n  e x i s t e d .  In-  
s p e c t i o n  o f  t h e  r ad iog raphs  showed t h e  b e l l e v i l l e  washer and end p l a t e  were 
f r e e  and t h a t  t h e  e l e c t r o d e  s t a c k  assembly had r e l i e v e d .  A l so ,  l o o s e  p a r t s  
cou ld  be hea rd  r a t t i i n g  i n s i d e  t h e  p r e s s u r e  v e s s e l .  
The ceramic  washer from t h e  n e g a t i v e  t e r m i n a l  was found f r a c t u r e d  i n t o  
f i v e  segments  i n s i d e  t h e  c e l l  when t h e  n e g a t i v e  end o f  t h e  p r e s s u r e  v e s s e l  
was removed, which caused  t h e  r a t t l i n g  n o i s e .  Again,  t h e  s h o u l d e r  o f  t h e  
p o l y s u l f o n e  c o r e  had f r a c t u r e d  comple t e ly  around t h e  i n t e r s e c t i o n  w i t h  t h e  
c o r e .  The s h o u l d e r ,  end p l a t e ,  and b e l l e v i l l e  washer  were r e t a i n e d  by t h e  
n e g a t i v e  l e a d s .  The e l e c t r o d e  s t a c k  had r e l i e v e d  w i t h  t h e  f i r s t  n e g a t i v e  
e l e c t r o d e  e x t e n d i n g  s l i g h t l y  p a s t  t h e  f r a c t u r e d  end  o f  t h e  c o r e .  A l so  t h e  
e l e c t r o d e s  were indented along an a x i s  corresponding t o  the  a x i s  i n  which the  
p l a t e  t a b  t o  p o s i t i v e  and negat ive  l eads  i s  made. This  depress ion  is  bel ieved 
t o  have been caused by f o r c e s  exer ted  through t h e  l eads  when the  s t a c k  re-  
l i eved .  Figure 7 is  a  view of  the  e l e c t r o d e  s t a c k  p r i o r  t o  disassembly show- 
ing the  inden ta t ion .  Also,  t h e  nega t ive  r e s e r v o i r  had shrunk and necked i n  
a t  one p o i n t ,  probably due t o  hea t ing .  Visual  examination of  the  f r a c t u r e d  
end of  the  core  showed s t r i a t i o n s  s i m i l a r  t o  t h a t  seen i n  f a t i g u e  f a i l u r e  of  
meta ls .  
An e lec t rode-by-elect rode disassembly revea led  s h o r t i n g  o f  ad jacen t  posi-  
t i v e  and negat ive  p l a t e s  a t  the  inner  per imeter  o f  the  p l a t e s  i n  the  a r e a  
where the  negat ive  l eads  a t t a c h .  Act ive  m a t e r i a l  from the  p o s i t i v e  p l a t e  was 
imbedded i n  the  ad jacen t  nega t ive  i n  many cases .  Also,  t h e  gas  sc reen  between 
nega t ive  and p o s i t i v e  p l a t e s  had melted and shrunk and was fused t o  the  t e f l o n  
coated s i d e  of  the  nega t ive  p l a t e .  Most severe  damage t o  the  gas  sc reen  was 
a t  a  po in t  where s h o r t i n g  had occurred a t  the  nega t ive  lead t o  p l a t e  a t t a c h -  
ment. A s  the gas  sc reen  shrunk,  i t  apparent ly  fused t o  the  o u t e r  per iphery  
of the  negat ive  p l a t e  and peeled the  t e f l o n  backing away from the  under ly ing 
sc reen  s t r u c t u r e .  Figure  8 is  a  photograph of  nega t ive  p l a t e  35 showing 
a c t i v e  m a t e r i a l  from p o s i t i v e  p l a t e  34 imbedded a t  the  inner  per iphery  where 
the nega t ive  l ead  a t t a c h e s  t o  the  t ab .  Note a l s o  how the  gas  sc reen  peeled 
back the  t e f l o n  c o a t i n g  a s  i t  shrank due t o  hea t ing .  Gas sc reen  shr inkage,  
me l t ing ,  and fus ing  t o  the  nega t ive  p l a t e ,  and s h o r t i n g  of  p o s i t i v e  and nega- 
t i v e  e l e c t r o d e s  extended throughout the  s t a c k  assembly. Pin  h o l e s  were found 
i n  many of the  nega t ive  p l a t e s ,  i n d i c a t i n g  t h a t  "popping" occurred.  A s  d i s -  
assembly progressed toward the  p o s i t i v e  end of t h e  e l e c t r o d e  s t a c k  assembly, 
the  p l a t e s  became more p lanar .  
Examination o f  the  polysulfone core  a f t e r  disassembly showed the  d i s -  
c o l o r a t i o n  and swe l l ing  which i s  apparen t ly  caused by the  h e a t  pulse  genera ted 
when s h o r t i n g  occurs .  Figure  9 shows the  polysulfone core  a t t a c h e d  t o  the  
p o s i t i v e  hemisphere a f t e r  the  e l e c t r o d e  ,stack elements have been removed. The 
degree of  d i s c o l o r a t i o n  is  bel ieved t o  be p ropor t iona l  t o  the  hea t  genera ted 
a t  t h a t  po in t .  Applying t h a t  premise,  the  s h o r t  i s  bel ieved t o  have occurred 
f i r s t  a t  a  po in t  approximately one- th i rd  o f  the  s t a c k  th ickness  from the  posi-  
t i v e  end and progressed outward i n  both  d i r e c t i o n s .  The swe l l ing  of the  core  
causes  a  r ibbed appearance and a  b lack  d e p o s i t  i s  l e f t  where t h e  p o s i t i v e  
p l a t e s  r e s t r i c t  the  swe l l ing .  The dimension from the  f r a c t u r e d  end of  the  
core  t o  the  f i r s t  i n d e n t a t i o n  caused by a  p o s i t i v e  p l a t e  i s  l e s s  than t h e  
combined th ickness  o f  the  end p l a t e  and b e l l e v i l l e  washer, which impl ies  t h a t  
the  shoulder  f r a c t u r e d  from the  end of  the  c o r e  p r i o r  t o  the  occurrence of  
the  s h o r t .  
P o s i t i v e  p l a t e  th icknesses  were measured dur ing  disassembly and ranged 
from 0.038 t o  0.048 inches .  Assuming t h a t  each p o s i t i v e  p l a t e  was f a b r i c a t e d  
a t  the  maximum dimension of  0.032 inches ,  the  th ickness  of  t h e  e l e c t r o d e  s t a c k  
assembly increased by 0.451 inches  dur ing  cyc l ing .  the  c e l l  f a i l e d  i n  a  nea r ly  
i d e n t i c a l  manner t o  C e l l  3 ,  and we b e l i e v e  the  f a i l u r e  h i s t o r y  was a l s o  the  
same. P o s i t i v e  p l a t e  growth o f  t h i s  magnitude cannot  be accommodated; and,  
a f t e r  the  s t a c k  r e l i e v e s ,  a  s h o r t  occurs  a t  a  p ressure  po in t  between a d j a c e n t  
p a i r s  of e l e c t r o d e s  which u l t i m a t e l y  r e s u l t s  i n  t h e  massive i n t e r n a l  damage 
observed.  
CONCLUSIONS 
The p r o t o t y p e  c e l l s  t e s t e d  do  n o t  e x h i b i t  t h e  c y c l i c  l i f e  n e c e s s a r y  f o r  
s p a c e c r a f t  power sys tems o p e r a t i n g  i n  low-ear th  o r b i t .  However, when one 
c o n s i d e r s  t h e  h igh  d e p t h  o f  d i s c h a r g e  used  f o r  t h e  c y c l i c  t e s t s ,  t h e  perform- 
ance  o f  C e l l  3/SN148 and C e l l  1/SN 104 a r e  c e r t a i n l y  r e s p e c t a b l e  a s  compared 
t o  nickel-cadmium c e l l  l i f e .  C e l l s  used f o r  t h e s e  t e s t s  a r e  p r o t o t y p e s ,  and 
do no t  r e p r e s e n t  a  mature  technology.  A l so ,  c o n s i d e r a b l y  more d a t a  needs t o  
be acqu i r ed  t o  o b t a i n  a  s t a t i s t i c a l l y  s i g n i f i c a n t  d a t a  base  f o r  low-earth 
o r b i t  a p p l i c a t i o n s .  The most s i g n i f i c a n t  cause  o f  f a i l u r e  i s  t h e  p o s i t i v e  
p l a t e  growth expe r i enced  w i t h  t h e s e  e a r l y  d e s i g n  p o s i t i v e  e l e c t r o d e s .  More 
r e c e n t  p o s i t i v e  e l e c t r o d e s  show s i g n i f i c a n t l y  l e s s  growth wi th  c y c l i n g ,  and 
should  r e t a r d  o r  e l i m i n a t e  t h e  t ype  o f  f a i l u r e  s een  i n  C e l l s  1 and 3 .  Tes t -  
i n g  of  c u r r e n t  g e n e r a t i o n  c e l l s  i n c o r p o r a t i n g  t h e  improved p o s i t i v e  e l e c t r o d e s ,  
3s well a s  o t h e r  d e s i g n  improvements, a r e  r e q u i r e d  t o  o b t a i n  n e c e s s a r y  c y c l i c  
l i f e  d a t a .  MDAC-STL p l a n s  t o  t e s t  a  2 1 - c e l l ,  n icke l -hydrogen  b a t t e r y  i n  a  
s imu la t ed  low-earth o r b i t  regime i n  t h e  n e a r  f u t u r e .  



CELL 1 
CELL 2 
0 CELL 3 
THOUSANDS OF CYCLES 
Figure 4. Cell End-of-Discharge Voltage versus Cycles 
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Figure 6. Electrode Stack Sketch 



